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Abstract — We introduce a new concept and re-
sults of simulations for active particle transport in 
single interface fluids. The active movement of cilia -
like flaps induces a fluid flow. The flaps are actuated 
by an interface membrane by defomring the mem-
brane through pneumatic pressure from the back-
side. That affects the fluid and induces a flow. Parti-
cles localized over the flaps are pushed towards the 
open borders of the fluid. By combining different 
asymmetric effects this multidirectional repulsion is 
supported by a preferred horizontal transport 
direction. 
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I - Introduction 
 
In microfluidic devices, a couple of methods to 
transport and separate particles in closed channels exist, 
like electrophoresis, electromagnetism, physicochemical 
transport, or peristalsis. In some cases, however, particle 
transport in open channels is required (absence of a 
second wall or a large distance between the walls). 
Common applications are anti-fouling surfaces, micro 
processing of open systems, or the prevention of accu-
mulation at implants. In these cases the traditional 
transport mechanisms are not applicable due to the 
absence of a second boarder.  
One solution to prevent the adhesion of particles at a 
surface by transporting them away from the surface is 
shown in Figure 1. Rows of flaps are positioned asym-
metrically on movable membranes. Each flap row can 
be deflected separately by an induced pneumatic force, 
which bends the surface of the supporting membrane. 
This membrane movement converts to a large deflection 
of the flaps in x -direction and in a smaller movement in 
z-direction. Due to the high aspect ratio of the flaps the 
angle rotation results in a fluid movement parallel to the 
surface which prevents the particle deposition. 
To dispose the required pneumatic pressure at the right 
position and time it is important to achieve perfectly 
timed actuation points for the switching valves. An open 
valve results in an increasing pressure under the mem-
brane. The gradient of the pressure in the channel 
depends on the pressure level at the inlet pipe, which 
defines the working pressure. A high pressure level 
above ambient leads to a fast increase whereas a low 
pressure level results in a slow increase of the mem-
brane pressure. On reaching the working pressure the 
valves are switched off again. This implies that the 
desired pressure in the channel is specified by correct 
valve actuation cycle sequences and valve inlet pres-
sures.  
 
Figure 1: Cross section of two neighbouring membranes 
supporting asymmetrically positioned flaps. The pressures to 
deflect the membranes are applied individually to the chan-
nels. 
In this paper we present the results of a detailed 
simulation on the membrane, flap, and particle move-
ments. This is done to optimize the geometrical setup of 
the system before its production. 
 
II - Experimental Details 
 
The simulations were carried out using Ansys 12 
Structural in combination with the CFX program. Both 
models were connected by the Ansys internal Fluid-
Solid-Interaction (FSI) module. The Ansys simulation 
was based on a 2D model with included non-linearity. 
The material data for water (liquid) was taken from the 
Ansys Material Database, whereas the PDMS data for 
the membrane and flaps was defined as an isotropic 
material model with a Young’s modulus of 750 kPa, a 
density of 1050 kg/m³, and a Poisson’s ratio of 0,499 
[1].  
For the simulation the pressure load of the transient 
FSI-simulation was divided into small steps of equal 
size to ensure a robust coupling of both models. The 
load switched between a positive and negative pressure 
defined as a pressure difference from ambient pressure. 
The model contains about 4000 nodes in the structural 
part and about 1000 nodes in the fluidic part of the 
simulation.  
In the fluid part in the FSI simulation one wall-
constraint is set, which simulates the membrane surface. 
Through this constraint no fluid exchange is allowed. 
The side borders of the fluid section are defined as 
rotating-constraints, which simulates the repeating 
geometry of the arrangement. Using this constraint the 
solution of the right border of the fluid is transferred to 
the opposite border and vice versa. In addition, an 
opening-constraint at the top simulates the lack of a 
second border to allow a free fluid exchange. 
 
III - Results and Discussion 
 
Due to preliminary system specifications and tech-
nological fabrication restrictions the pitch of the mem-
brane arrangement was defined to 1000 µm, the mem-
brane thickness to 100 µm, the flap height and width to 
500 µm and 50 µm, respectively (see Figure 1). 
By using these values static pressure simulations 
show an optimum membrane width of 600 µm and a 
wall width of 400 µm to ensure a maximum flap deflec-
tion. 
The flap position on the membrane is another impor-
tant design parameter to maximize the deflection of the 
flaps on a membrane with a given shape and thickness. 
To approximate the membrane shape the following 
expression is used [2]: 
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This expression is an estimation for a circular mem-
brane and is just used as a way to find a first flap posi-
tion to start with. ()  describes the relative membrane 
deflection w(r) as a function of the radial position r with 
respect to the maximum deflection . a4 is a free 
parameter and  is the relative position with  as the 
radius of the membrane. Figure 3 shows a plot of Equ. 
(1) with variation of a4 between -5 and 5. 
After deriving equation (1) the point of the highest 
slope can be calculated from: 
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Equ. (2) gives a range of maximum slope positions 
(inflexion points) between 0,3  and 0,7 


 as a func-
tion of a4, as shown in figure 3 as a black curve.  
For comparison, the static FEM simulation of the 
membrane deflection results in an optimum flap dis-
tance from the channel edge of 75 µm to 100 µm, 
respectively. These positions are between 0,58  and 
0,75  , as shown as vertical bars (“sim min” and “sim 
max”) in figure 3.  
 
 
Figure 3: Relative membrane deflection w/w0 with respect to 
relative radial position r/Rm of a radial symmetric membrane 
according equ.(1). The parameter a4 increases in the curves 
from left to right starting at 
4 = −5	(the dark blue line) and 
ending at 
4 = 5	(light blue) on the right side. The solutions 
for a4	∈ {−5,−4, 4, 5} are not applicable, because they 
contain data for () > 1	
$% < 0. The simulated membrane 
deflection fits best into expression of 	
 ∈ {0,… ,3}. 
The difference in the results of the analytical and the 
FEM model can be explained by the material of the 
membrane. By applying drag force at the attachment the 
soft PDMS deforms and changes its shape from the 
idealised shape (Figure 4). This deformation appears in 
both bending directions of the membrane and changes 
the deflexion point in the same direction. In both cases 
the virtual membrane is thicker than the designed one. 
 
 
Figure 4: Membrane before and after deformation. The white 
lines display the original membrane position and shape. The 
deformed membrane rotates and moves the flap. The coloured 
schema displays the v. Mises stress in the membrane. The 
black lines display the elements shape. The deformed area is 
larger than the designed membrane is. 
It is of significance to integrate the surrounding fluid 
in the simulation, because the hydrodynamic inertia 
increases the needed force to deform the membrane. 
The inertia of the displaced fluid slows the membranes 
movement down and also influences the flaps move-
ment characteristics. A dense fluid would lead to a 
slowly moving membrane and even to a non-moving 
membrane in combination with a cycle, where fast 
pressure changes are applied. 
before deformation 
To enhance the pumping effect, the upward bending 
pressure must have a higher pressure difference from 
ambient than the downward bending pressure. This 
leads with equ. (3) to a faster flap movement during the 
upward bending of the membranes. 
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Equ. (3) describes the fluid speed in a square chan-
nel [2]. With 23 and 45 as constant for the same chan-
nel, the fluid speed depends only on the pressure differ-
ence ∆1. ) is the fluid speed in the pressure delivering 
channel, which is proportional to the deflection speed of 
the membrane and the movement of the flap. 
The asymmetric flap position results in an asymmet-
rical movement of the flap. Figure 5 shows the simu-
lated movement of the flap. For the simulation a mini-
mum and maximum pressure difference of 40 hPa and 
-30 hPa compared to ambient pressure, was applied. The 
flap moves 480 µm in x- direction and 75 µm in z-
direction. This behavior generates a lateral movement in 
the fluid. A similar characteristic was published by 
Khaderi et al. [4].  
 
Figure 5: Flap movement during a forward and backward 
displacement of the actuated membrane. The blue line repre-
sents the movement of the flaps tip during a whole membrane 
cycle, where the applied pressure under the membrane was set 
to a difference of -30 hPa and +40 hPa compared to ambient 
pressure. The horizontal displacement is about 480 µm. The 
colour schema displays the v. Mises stress in the membrane. 
 Figure 6 shows two different, but characteristic stream-
line profiles. Particles in the fluid follow the circular 
streamlines. Dispersed particles in vicinity to the flaps 
will be transported by a net flow, because the flow is 
faster near to the membrane due to the actuation of the 
flaps. 1000 µm above the membrane surface the flow 
stops almost completely. For larger distances no particle 
transport in the upper half of the picture occur. 
 
Figure 6: Two clippings of the FSI-simulation. The mem-
branes are placed at the bottom of the figure. Two bending 
arrangements are shown. Above the flaps a particle is shown 
in both pictures.  The coloured lines are streamlines of the 
fluid. The flow slows down rapidly above the flap. Both figures 
show two different, but characteristic stream profiles of that 
simulation. Left: Two rotating flows at the flaps tip. Right: 
One rotating flow and one laminar streamline profile. 
The particle track is very close to the displayed 
streamlines in Figure 6 and 7. Depending on the dy-
namic streamline characteristics of the fluid, the parti-
cles follow a net movement, which is displayed in 
Figure 7 where two particle positions are compared. The 
green particle on the left corresponds to the start posi-
tion and the red particle on the right to the position of 
the same particle after two complete membrane bending 
cycles. The net movement of the particle is about 
40 µm. 
 
 
Figure 7: Displacement of a particle (100 µm in diameter) 
after two membrane bending cycles. The left green particle 
corresponds to the start position and the right red particle to 
the end position after two complete load cycles. The distance 
between the two positions is about 40 µm. The coloured lines 
are streamlines of the last load step. 
IV – Conclusion 
 
A new concept for active particle transport in single 
interface fluids is introduced. The active movement of 
cilia-like flaps induce a fluid flow. The flaps are actu-
ated by an interface membrane, bent through pneumatic 
pressure from the backside. Simulations are carried out 
to determine an optimized design: Best membrane 
bending conditions are found for a PDMS membrane 
with width of 600 µm and a wall width of 400 µm by 
setting the membrane thickness to 100 µm. An optimum 
flap position on the membrane is determined between 
75 µm and 100 µm from the attachment. The asymmet-
ric position of the flaps on the membrane results in an 
asymmetric movement of the flaps. The whole horizon-
tal distance of the flap movement is about 480 µm and 
the vertical movement about 75 µm using a 500 µm 
high and 50 µm wide flap, respectively. The simulations 
show that dispersed particles in the fluid will be trans-
ported by the flow. They will move almost circular, but 
the net particle transport will be unidirectional. 
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